Large-scale cross-species DNA sequence comparison has become a powerful tool to identify conserved cisregulatory modules of genes. However, bioinformatic analysis alone cannot reveal how an evolutionarily conserved region regulates gene expression: whether it functions as an enhancer, silencer, or insulator; whether its function is cell-type restricted; and whether biologically relevant transcription factors bind to the element. Here we combine bioinformatics with wet-lab techniques to illustrate a general and systematic method of identifying functional conserved regulatory regions of genes. We applied this approach to the interferongamma (IFN-␥) gene. Comparison of human and mouse IFN-␥ reveals a highly conserved non-coding sequence located ϳ5 kb 5 of the transcription start site. This region coincides with constitutive and inducible DNase I hypersensitivity sites present in IFN-␥-producing Th1 cells but not in Th2 cells that do not produce IFN-␥. Histone methylation at the 5 conserved non-coding sequences indicates a more accessible chromatin structure in Th1 cells compared with Th2 cells. This element binds two transcription factors known to be essential for IFN-␥ expression: nuclear factor of activated T cells, an inducible transcription factor, and T-box protein expressed in T cells, a cell lineage-restricted transcription factor. Together, these findings identify a highly conserved distal enhancer in the IFN-␥ cytokine locus and validate our approach as a successful method to detect cis-regulatory elements.
Gene transcription is regulated by the binding of transacting factors to short DNA elements (5-8 bp) contained within larger blocks of cis-regulatory sequences (100 -400 bp) (1) . An important cis-regulatory module is located at the proximal promoter, which specifies the site of transcriptional initiation. In metazoans, however, the levels and cell specificity of gene expression are generally controlled by distal regulatory modules (enhancers and silencers) that may be located in introns or intergenic regions and that potentiate or repress gene transcription. Typically, multiple regulatory modules are associated with a single gene, and different combinations of modules are utilized to control gene expression in different cell types at different developmental stages or under different conditions of stimulation (1) . A characteristic feature of the modules is the presence of clustered binding sites for relevant transcription factors. For instance, the promoters and distal enhancers of genes expressed in muscle are enriched in binding sites for muscle-specific transcription factors, including Mef-2, Myf, and SRF (2, 3) .
Recently, there has been much interest in the possibility of using comparative sequence analysis to identify gene regulatory elements. In mammals, only about 5% of the genome is estimated to encode proteins. The bulk of non-coding DNA is not conserved between species, but long-range sequence comparisons reveal islands of highly conserved non-coding sequences (CNS) 1 in a sea of non-conserved DNA (4) . A handful of studies in mammals have tested the postulate that CNS regions are cis-regulatory modules that control the expression of nearby genes. For instance, mouse-human comparisons revealed clusters of conserved noncoding sequences throughout the BTK gene, and one highly conserved region was shown to cooperate with the promoter to regulate cell lineage-specific expression of Btk (5) . Similarly, a 1-megabase comparison of the IL-4/IL-13/IL-5 cytokine locus in multiple mammalian species revealed 90 CNS regions, of which the largest (CNS-1) was a 401-bp region with 84% identity between human and mouse, located between the IL-4 and IL-13 genes (6) . This region corresponds precisely to two DNase I hypersensitive sites present in mast cells and Th2 cells, two differentiated cell types that produce both IL-4 and IL-13. The sites are absent in precursor naïve CD4 ϩ T cell as well as in Th1 cells, which do not produce these cytokines (7) . Deletion of CNS-1 in the endogenous mouse locus impaired immune responses to two different pathogens, indicating a functional role for this regulatory region in vivo. However, the effect was cell type-specific, because cytokine production was selectively diminished in Th2 cells but not in mast cells (8) .
These results emphasize that although bioinformatic approaches are useful for the initial identification of CNS regulatory regions, they cannot establish whether a given CNS is actually utilized by a particular cell type. Rather, a combination of bioinformatic and experimental analysis is needed. However, given the complexity of the mammalian genome, experimental identification of cis-regulatory elements has proved challenging. The available approaches are limited. Mapping of regulatory regions by transient reporter assays performed in cultured cells is simple but subject to artifact, because gene expression is not evaluated in the endogenous nucleosomal context (9) . Similar analyses in transgenic mice avoid this problem but are expensive and laborious. DNase I hypersensitivity mapping has been a useful method of identifying regulatory regions; depending on the system, DNase I hypersensitive (HS) sites have been shown to correspond to enhancers, silencers, insulators, or locus control regions (10) . However, this method is also laborious, involving treatment of nuclei with a wide range of DNase I concentrations followed by Southern analysis with a large number of probes in the vicinity of the gene of interest. A strategy to direct DNase I hypersensitivity mapping to specific genomic locations would considerably simplify the analysis by limiting its overall scope.
Here we use the interferon-gamma (IFN-␥) gene to illustrate a general and systematic approach to identifying functional regulatory regions of genes. The IFN-␥ gene is located on human chromosome 12 and mouse chromosome 10 and encodes a cytokine essential for mounting a cell-based immune response (11) . The gene is expressed by Th1 cells, one of two types of differentiated T cells that can be derived from naïve CD4 precursor T cells, as well as by NK cells and CD8 T cells. Using the criterion of high sequence conservation between human and mouse to search for novel regulatory regions in the IFN-␥ gene, we identified a distal CNS located ϳ5 kb 5Ј of the transcription start site. We then used these genomic data to direct DNase I hypersensitivity analysis to specific restriction fragments of the gene. We show that the 5Ј CNS displays basal as well as induced DNase I hypersensitivity in Th1 cells but not in Th2 cells. Sequence inspection revealed the presence of clustered binding sites for three relevant transcription factors, the Th1-restricted transcription factor T-bet and the inducible transcription factors NFAT and AP-1. We confirmed by chromatin immunoprecipitation (ChIP) assays that the CNS was occupied by these transcription factors in resting and stimulated cells and by reporter assays that the CNS possessed functional enhancer activity. Our experiments reveal a hitherto unsuspected distal enhancer in the IFN-␥ gene and also validate the combination of bioinformatic and DNase I hypersensitivity analyses as a rapid and widely applicable method for detecting cis-regulatory elements in genes.
EXPERIMENTAL PROCEDURES
Mice and Cell Culture-D011.10 TCR-transgenic Rag2Ϫ/Ϫ mice (kindly provided by Dr. Abul Abbas) were maintained in pathogen-free conditions in barrier facilities in the Center for Animal Resources and Comparative Medicine (Harvard Medical School). All mouse protocols were approved by the Center for Blood Research and Harvard Medical School. Detailed information regarding the characteristics and culture conditions of D5 Th1 and D10 Th2 clones, the isolation of naïve CD4 T cells, and the generation of differentiated Th1 and Th2 cells are provided elsewhere (12) . Reporter assays were done using the human Jurkat T cell line, cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 10 mM HEPES, and 2 mM L-glutamine.
VISTA (Visualization Tool for Alignment) Analysis-Sequence comparison of human and mouse IFN-␥ was performed using Web-based software available at the Lawrence Berkeley Laboratory genome website (www-gsd.lbl.gov/vista). Human and mouse IFN-␥ sequences were obtained from the Ensembl Genome website (www.ensembl.org).
DNase I Hypersensitivity-The assay was carried out essentially as described (12) . Prior to DNase I hypersensitivity analysis, D5 and D10 clones were left resting, stimulated with PMA (20 nM) and ionomycin (2 M) for 2 h, or pretreated with cyclosporin A (2 M) for 20 min before PMA and ionomycin stimulation. The probe hybridizing to the KpnI fragment of mouse IFN-␥ was PCR-amplified using a BAC plasmid (Rp23 353 p23) containing the mouse IFN-␥ genomic locus as template and the following primers: 5Ј-GTG TCA CAG AAG CAA TGA AAC AC and 5Ј-GGT ACC CAG TTA TCT TGA CCC.
DNA Methylation Analysis-Methylation-sensitive PCR assay was carried out essentially as described (13), using DNA from resting clones or primary CD4 ϩ T cells from D011.10 TCR transgenic Rag2Ϫ/Ϫ mice and 1-week-differentiated Th1 and Th2 cells. The following primers were used: FN-␥ 5Ј CNS primer pair, 5Ј-CCA TGG TGG CGA TTG ATT CTG CAG and 5Ј-TTC CTG CAG ATT GCC GTC TGG TCT (266-bp product); IL-4 transcription start site/exon 1, 5Ј-CCA GAA TAA CTG ACA ATC TGG TGT and 5Ј-AGA TGG TGC CAG ATA GGT ACT TA (323-bp product); and IL-4 enhancer (site V A ), 5Ј-GAG ATG TGA ATT CAG GTC CTG A and 5Ј-TGC ACA CAT GCT CTA AAT ATA CAG AT (468-bp product).
Chromatin Immunoprecipitation-One-week-differentiated Th1 and Th2 cells, or D5 and D10 clones, were left resting, stimulated with PMA (20 nM) and ionomycin (2 M) for 2-3 h, or pretreated with cyclosporin A (2 M) for 20 min before stimulation prior to cell harvest. ChIP analysis was carried out essentially as described, with minor modifications (14) . The pelleted nuclei were resuspended in 1 ml of ChIP lysis buffer (150 mM NaCl, 25 mM Tris, pH 7.5, 1% Trixon X-100, 0.1% SDS, 0.5% deoxycholate, and the following protease inhibitors: 1 mM phenylmethanesulfonyl, 25 g/ml aprotinin, and 25 g/ml leupeptin) and sonicated eight to ten times for 20 s with 1 min of cooling on ice in between sonications. The samples were split into two equal aliquots, with 50 l saved for input, and stored frozen at Ϫ80°C or used for immunoprecipitation. Two hours of preclearing with protein A beads preceded overnight incubation at 4°C with various antibodies. Immunocomplexes were precipitated for 3 h with protein A-Sepharose beads blocked with salmon sperm DNA. The precipitates were washed once with 1 ml of RIPA buffer (50 mM Tris, pH 8, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 1 mM EDTA), 1 ml of High Salt buffer (50 mM Tris, pH 8, 500 nM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 1 mM EDTA), 1 ml of LiCl buffer (50 mM Tris, pH 8, 1 mM EDTA, 250 mM LiCl, 1% Nonidet P-40, 0.5% deoxycholate), and twice with 1 ml of TE (10 mM Tris, pH 8, 1 mM EDTA). All washes were for 5 min, rotating, at 4°C. The samples were adjusted to 0.5% SDS and 200 g/ml proteinase K and incubated at 55°C for 3 h. Formaldehyde cross-links were reversed by overnight incubation at 65°C. The DNA was purified by phenol-chloroform extraction (twice), ethanol precipitated with 0.3 M sodium acetate in the presence of 20 g of glycogen, and resuspended in 50 l of TE buffer. Antibody for H3K4 methylation was from Upstate Biotechnology (Lake Placid, NY). NFAT1 and T-bet antisera, along with PCR conditions, have been described in detail elsewhere (14, 15) . The following primers were used: IL-4 promoter, 5Ј-TTG GTC TGA TTT CAC AGG and 5Ј-AAC AAT GCA ATG CTG GC (182-bp product), and IFN-␥ promoter, 5Ј-GCT CTG TGG ATG AGA AAT and 5Ј-AAG ATG GTG ACA GAT AGG (250-bp product). IFN-␥ 5Ј CNS primers are as indicated above.
Transient Transfection Assays-Jurkat cells were transfected by electroporation in serum-free media with pulses of 250 V and 960 microfarads. Typically, 10 million cells were transfected with 1 g of luciferase reporter plasmid along with 5 g of expression plasmids encoding NFAT1 and/or T-bet, or a control plasmid. 18 -24 h after transfection, cells were stimulated with 2 M ionomycin and 20 nM PMA. 6 h after stimulation, cells were collected and lysates were assessed for luciferase activity using the dual luciferase assay system (Promega, Madison, WI). Cotransfection of the pRL-TK vector, 100 ng, (Promega) allowed normalization by Renilla luciferase activity.
Plasmid Construction-A 1.3-kb fragment containing the 5Ј CNS of human IFN-␥ was isolated by PCR using human genomic DNA as template, Pfu polymerase (Stratagene, La Jolla, CA), and the following primers: 5Ј-CCC AAG CTT AGA TCC AAT ATT GAC TCA TAT TGA G and 5Ј-CGG GAT CCA TAA GAG GGA ATG ATA TA. The PCR product was digested with BamHI and HindIII and subcloned into pBSKSϩ (Stratagene). The 9-kb human IFN-␥ reporter construct was isolated as a BamHI fragment from the original plasmid (Tim Hoey, Tularik, CA) and inserted into the 1.3-kb 5Ј CNS pBSKS or the empty pBSKS digested with BamHI and phosphatase treated. The 5Ј CNS oligonucleotide pGL3 reporter construct was made as follows: the oligonucleotide (5Ј-CTA GCT AGC GGG AAA GTC TGA GTC CGT GTG GAC TTC CAA GAT CTT C) and its complement (both PAGE-purified) were annealed, restriction-digested with NheI and BglII, and subcloned into the pGL3-promoter vector (Promega). The T-bet site mutant oligonucleotide contains a GT to AC and TG to CA change in the half T-box consensus site (see Fig. 6A ). Restriction enzymes and calf intestinal phosphatase were from New England Biolabs (Beverly, MA).
RESULTS
We used a bioinformatic approach to compare ϳ50 kb of genomic sequence between human and mouse IFN-␥ (Fig. 1 ). Using VISTA (16) with the mouse IFN-␥ locus as the reference sequence on the x-axis, we plotted on the y-axis the percent sequence conservation at the nucleotide level between human and mouse IFN-␥ genes ( Fig. 1) . Overall, the coding sequences (exons) of the IFN-␥ gene are poorly conserved at the nucleotide level, presumably because of evolutionary pressure from pathogens. However, several non-coding regions are surprisingly well conserved: regions at least 100 bp long that show ϳ70% or greater nucleotide sequence conservation between human and mouse IFN-␥ genes are designated conserved noncoding sequences (CNS) (6) and are shown in red in Fig. 1 . VISTA analysis of the IFN-␥ locus revealed four clusters of CNS elements adjacent to sequences that were only slightly less well conserved (Fig. 1) . The largest and most highly conserved CNS (Ͼ400 bp and ϳ78% sequence identity), is located ϳ5.5 kb upstream of mouse IFN-␥ exon 1 ( Fig. 1 ) and ϳ4.2 kb upstream of human exon 1 (data not shown). This region is referred to as the IFN-␥ 5Ј CNS in the remainder of this report.
Three other CNS clusters were found at the proximal promoter, the end of intron 1, and within intron 3 of the IFN-␥ gene (Fig. 1) . Notably, these regions corresponded closely to three DNase I HS sites that we had previously described and mapped in the IFN-␥ gene (12) . Each of the three HS sites was localized within or near the boundary of a CNS cluster ( Fig. 1) 2 ; this was expected because HS sites are generally more prominent at the edges of protein-bound regulatory elements than within the occupied regions themselves (17) .
Given the correspondence of CNS sequences and HS sites in the promoter and intronic regions, we asked whether HS sites were also present at the 5Ј CNS (Fig. 2) . DNase I hypersensitivity analysis was performed using the mouse Th1 clone D5, which produces IFN-␥ upon stimulation. Nuclei isolated from resting or stimulated D5 cells were incubated with varying concentrations of DNase I, after which the DNA was purified and digested to completion with KpnI. Using a probe that recognizes an ϳ7.2-kb KpnI fragment upstream of the IFN-␥ promoter, we observed a single weak HS site in resting D5 cells ( Fig. 2A, left panel, gray arrow) . PMA and ionomycin stimulation caused the hypersensitive region to spread and intensify, in part by inducing a second HS site ( Fig. 2A , middle panels, black arrow). This effect was prevented by pretreatment with cyclosporin A (CsA), an inhibitor of the Ca 2ϩ /calmodulin-dependent phosphatase calcineurin ( Fig. 2A, middle panel) . The two hypersensitive sites are 4 -4.3 kb away from the promoter KpnI site, thus coinciding with the newly identified IFN-␥ 5Ј CNS (Fig. 2B) . The sites were not detected in the Th2 clone D10 under resting and stimulated conditions or in primary naïve CD4 ϩ T cells ( Fig. 2A , right panels), indicating that they are specific to IFN-␥-producing Th1 cells.
We asked whether the 5Ј CNS contained binding sites for transcription factors implicated in regulation of the IFN-␥ gene. In Th1 cells, IFN-␥ gene expression is initiated by stimulation through the T cell antigen receptor. This process involves NFAT, a transcription factor that is regulated by calcineurin and cooperates with AP-1 (Fos-Jun) to induce the transcription of numerous immune response genes (18, 19) . Th1 cells lacking one or more members of the NFAT family show decreased expression of IFN-␥ upon activation, indicating an important cell-intrinsic role for NFAT in regulating the transcription of this cytokine gene (20, 21) . Secreted IFN-␥ feeds back through STAT1 to activate T-bet, a member of the T-box family of transcription factors that is essential for optimal IFN-␥ expression by CD4 T cells (22) (23) (24) (25) (26) . Sequence inspection of the 5Ј CNS region revealed several highly conserved binding sites for NFAT, AP-1, and T-bet (Fig. 2C) , suggesting that this region might regulate IFN-␥ expression through binding of these transcription factors.
We established by ChIP that the conserved binding elements in the 5Ј CNS were occupied by these factors in cells (Figs. 3, A  and B) . T-bet was present at the 5Ј CNS region in resting primary Th1 cells and remained bound after stimulation (Fig.  3A , lane 9 and data not shown). Consistent with its much lower expression in Th2 cells (15) , it was not detected in resting or stimulated primary Th2 cells (lane 10 and data not shown). The predominant NFAT family member NFAT1 (27) , which is present in both Th1 and Th2 cells, showed selective binding to the 5Ј CNS in Th1 cells; as expected for NFAT proteins (19) , binding was stimulation-dependent and blocked by cyclosporin A (Fig. 3, A, lanes 5Ϫ8, and B, top panel) . The selective binding of NFAT1 to the 5Ј CNS implies that this region of chromatin is accessible only in the correct differentiated cell type, as previ- ously observed for the IL-4 promoter and the 3Ј IL-4 enhancer in Th2 cells and the IFN-␥ promoter in Th1 cells (28) .
To probe the basis for selective accessibility of the 5Ј CNS, we examined histone 3 lysine 4 (H3K4) methylation at this region. H3K4 methylation correlates with accessible or active gene loci (29, 30) and was chosen because histone methylation is likely to be a more stable and reliable marker for accessible chromatin structure than histone acetylation (31) . Consistent with selective expression of IFN-␥ and IL-4 in Th1 and Th2 cells, respectively, significantly higher H3K4 methylation was observed at the IFN-␥ 5Ј CNS in Th1 compared with Th2 cells (Fig. 4A,  upper panel) . Reciprocally, higher H3K4 methylation was seen at the IL-4 transcription start site (TSS/exon 1) region in Th2 cells relative to Th1 cells (Fig. 4A, lower panel) . PCR amplification of serial dilutions of the input showed equal amounts of template DNA in both ChIP samples (Fig. 4B) . The cooperative binding of T-bet and NFAT1 to the IFN-␥ 5Ј CNS (see below), combined with the more accessible chromatin structure measured by H3K4 methylation in Th1 cells, could explain the selective, cell lineage-specific binding of NFAT1 to the 5Ј CNS.
DNA hypomethylation correlates with gene activity, and changes in DNA methylation patterns are observed during the course of cellular activation, division, and differentiation (13, 32). We examined the DNA methylation status of the 5Ј CNS region using a PCR-based assay (Fig. 4, C and D) (13). Genomic DNA was digested with the methylcytosine-sensitive restriction enzyme, McrBC, which cleaves double-stranded DNA randomly between two appropriately spaced (30 -100 bp) (G/A) m C half-sites (33, 34) . PCR was then performed using primers spanning six potential McrBC recognition sites in the 5Ј CNS of mouse IFN-␥. Equivalent levels of PCR product were obtained from McrBC-digested D5 and D10 genomic DNA, indicating that McrBC failed to cut within the 5Ј CNS; thus this region is relatively demethylated in both cell types (Fig. 4C, lanes 1 and  2) . As a control for the assay (13), primers spanning the transcription start site (TSS) of IL-4 failed to amplify a PCR product using D5 DNA, indicating DNA methylation, whereas a band was detected using D10 DNA (lanes 3 and 4) . An input control was provided by PCR amplification of the IL-4 enhancer (HS site V A ), a region insensitive to McrBC digestion because of the absence of appropriately spaced (G/A) m C sites (lanes 5 and 6) (13).
We repeated the assay using McrBC-digested DNA from naïve CD4 ϩ cells and Th1 and Th2 cells differentiated from the naïve cells for 1 week (Fig. 4D) . Consistent with the results obtained with Th1 and Th2 clones (Fig. 4C) , naïve T cells showed high DNA methylation of the 5Ј CNS (i.e. yielded low levels of PCR product; Fig. 4D, lane 1) relative to primary Th1 and Th2 cells, which were substantially demethylated (yielding high levels of PCR product, lanes 2 and 3) . Again, the IL-4 transcription start site served as a control for differential methylation (lanes 4 -6) and the IL-4 enhancer (HS site V A ) as an input control (lanes 7-9) . Hypermethylation of the 5Ј CNS in naïve CD4ϩ T cells and its demethylation in differentiating Th1 as well as Th2 cells points to an early TCR-dependent but cytokine-independent mechanism of DNA demethylation at this region. In contrast, DNase I hypersensitivity and H3K4 methylation at the 5Ј CNS are observed only in differentiating Th1 cells (Figs. 2 and 4A ) and thus are distinct Th1-specific processes dependent on combined TCR/cytokine stimulation.
We investigated the function of the IFN-␥ 5Ј CNS by transient reporter assays in T cells (Fig. 5) . We used a luciferase reporter construct, ϳ9-kb long (15) , that contains the entire human IFN-␥ gene plus 3 kb of upstream and 1.5 kb of downstream sequences (35) (Fig. 5A) . The firefly luciferase gene was inserted into the ATG translation start site in the first exon; thus, luciferase reporter expression is regulated by the endogenous IFN-␥ promoter as well as by any other potential ciselements in the human IFN-␥ genomic locus. To this basic reporter plasmid (Fig. 5A, top, genomic hIFN-␥ reporter) , we added a 1.3-kb BamHI fragment containing the bulk of the human 5Ј CNS (Fig. 5A, bottom, genomic hIFN-␥ reporter ϩ 
5Ј CNS).
Jurkat T cells transfected with the genomic hIFN-␥ reporter plasmid showed a basal level of luciferase activity (Fig. 5B, left,  first cluster) , which was increased more than 5-fold by cotransfection with either NFAT1 or T-bet and stimulation with PMA and ionomycin (Fig. 5B, left, second and third clusters) . When both NFAT1 and T-bet were expressed, a significant synergistic effect was observed in stimulated cells, with reporter activity increasing by an additional 4 -5-fold compared with cells expressing NFAT or T-bet alone (Fig. 5B, left, fourth cluster) . In cells transfected with the reporter plasmid that additionally contained the 5Ј CNS region, there was a 2-3-fold increase in induced reporter activity under all transfection conditions (Fig.  5B, right) . The synergism between NFAT and T-bet was still strongly apparent with the 5Ј CNS reporter (Fig. 5B, right) , as expected from the presence of binding sites for both transcription factors at the 5Ј CNS (Fig. 2B) .
IFN-␥ expression by T cells is dependent on NFAT (20, 21) and requires combined stimulation with PMA and ionomycin, suggesting an important role for NFAT-AP-1 cooperation. Because both the 5Ј CNS (Fig. 2C ) and the IFN-␥ promoter 3 contain composite NFAT-AP-1 sites, we asked whether the NFAT-T-bet cooperation observed in the previous experiments (Fig. 5B) could be mediated by NFAT in the absence of AP-1 (Fig. 5C) . ChIP data indicate that T-bet is already present at the 5Ј CNS in resting Th1 cells and that its levels are not altered upon stimulation (Fig. 3A) . We therefore stimulated transfected Jurkat cells with ionomycin alone, which activates NFAT but not AP-1, or with PMA/ionomycin, which activates both NFAT and AP-1 and results in the formation of cooperative NFAT-AP-1 complexes (18, 27) . Ca 2ϩ mobilization induced by ionomycin treatment alone did not significantly increase reporter activity compared with resting conditions (Fig. 5C , compare white and gray bars), whereas combined PMA/ionomycin treatment led to a pronounced increase (black bars), suggesting a critical role for NFAT-AP-1 interactions in mediating full transcription of the IFN-␥ gene.
The 5Ј end of the IFN-␥ 5Ј CNS contains a 40-bp element with closely spaced NFAT, AP-1, and T-bet sites (Fig. 2C ) that is highly conserved between human and mouse (Fig. 6A) . This element was not included in the 1.3-kb BamHI fragment incorporated into the genomic hIFN-␥ reporter plasmid of Fig. 5 . To investigate whether NFAT, AP-1, and T-bet could interact cooperatively on this short DNA element, we introduced the mouse element as a single-copy oligonucleotide into the pGL3 plasmid, which contains the SV40 minimal promoter driving expression of the luciferase reporter gene (Fig. 6B) . The parent pGL3 plasmid had barely any activity in ionomycin-or PMA/ ionomycin-stimulated Jurkat T cells, even when both NFAT and T-bet were coexpressed (Fig. 6B, left panel) . In contrast, the two transcription factors synergized strongly to drive luciferase reporter activity in PMA/ionomycin-stimulated Jurkat T cells transfected with the 5Ј CNS oligonucleotide reporter. Ionomycin stimulation was not sufficient to induce full transcriptional synergy at the 5Ј CNS oligonucleotide reporter, indicating a requirement for AP-1 (Fig. 6B, middle panel) . Because Jurkat cells do not express detectable levels of T-bet by Western blotting, 2 the activity observed with NFAT alone (cluster 2) is likely to reflect its cooperation with endogenous AP-1, whereas the activity seen with T-bet alone (cluster 3) must reflect its cooperation with endogenous NFAT-AP-1 complexes. To explore the direct involvement of T-bet binding at this reporter, GT to AC and TG to CA mutations of the T-box binding site were introduced in the context of the 5Ј CNS oligonucleotide reporter (Fig. 6B, right panel) . The T-bet mu- tations abolished the strong transcriptional synergy of the 5Ј CNS oligonucleotide reporter in transfected Jurkat T cells stimulated with ionomycin or PMA/ionomycin, pointing to direct binding of T-bet, NFAT, and AP-1 to the 5Ј CNS 40-bp element.
The strong synergy observed in reporter assays (Fig. 6B ) suggested that NFAT, AP-1, and T-bet transcription factors could cooperatively occupy their closely apposed binding sites within the 40-bp DNA element. Using the published structures of the NFAT-AP-1 complex and the T-box factor Brachyury (36, 37), we modeled the potential structure of a large DNA-protein complex containing the murine 40-bp element (Fig. 6A, top) and the DNA-binding domains of two NFAT monomers, one FosJun heterodimer, and one T-box monomer (Fig. 6, C and D) . The DNA-binding domains of the two NFAT monomers (also known as Rel homology regions, RHR) flank the putative complex on both sides (Fig. 6C) . At the 5Ј end, the NFAT and AP-1 sites have the same spacing as the ARRE-2 site (distal NFAT-AP-1 site) of the IL-2 promoter; thus, NFAT and Fos-Jun could form an interface similar to that seen in the NFAT-Fos-Jun-ARRE-2 complex (37) . At the 3Ј end, NFAT and T-bet bind on opposite faces of the DNA (Fig. 6D) . The model assumes that the linker between the N-and C-terminal domains of the NFAT RHR assumes an extended conformation similar to those observed in complexes of an NFAT1 dimer bound to palindromic NFB-like DNA elements (38, 39) , thus permitting interaction of the C-terminal RHR domain (RHR-C) with the Ig domain of T-bet. In the middle of the complex, the C-terminal helix (H4) of T-bet could form favorable interactions with the Fos helix (Fig. 6, C and D) . It remains to be seen whether these modeled interface interactions actually occur at this element of the IFN-␥ gene. Nevertheless, it is remarkable that the intricate juxtaposition of the binding sites of five individual transcription factors could potentially permit their simultaneous binding to such a short DNA sequence.
DISCUSSION
Large-scale cross-species DNA sequence comparison is increasingly recognized as a powerful strategy to address evolutionary, structural, and functional questions in biology. Recent studies have compared large segments of human and rodent sequences and shown that many conserved regions possess regulatory function (4) . Furthermore, CNS regions have in many instances been shown to contain functional binding sites for transcription factors and other DNA-binding proteins (40 -44) . However, different cell types often utilize different CNS/ regulatory regions, as shown by the fact that deletion of the CNS-1 element in the IL-4/IL-13 cytokine locus diminished T cell expression of IL-4 and IL-13 but did not affect mast cell expression of these cytokine genes (8) . Thus sequence comparison alone cannot reveal whether a conserved block of noncoding sequence regulates the expression of a neighboring gene. Additionally, a particular regulatory region may control gene expression only in a subset of expressing cells, or at a particular developmental stage, or under specific conditions of stimulation.
We have addressed this point by using a combination of bioinfomatic and DNase I hypersensitivity analyses to identify a novel regulatory region of the IFN-␥ cytokine gene. The method is generally applicable to essentially all genes for which the expressing cell type can be obtained in sufficient quantity to permit DNase I hypersensitivity mapping. It is complementary to previous strategies in which cis-regulatory elements and target genes involved in Drosophila embryo pattern formation were identified by searching for clustered transcription factor binding sites (45, 46) . Potentially, the method is capable of identifying gene regulatory elements that are located in distal intergenic regions or even in intronic regions of neighboring genes as shown for the CD4 gene and the imprinted Igfr2 gene (47, 48) . The correspondence of CNS regions, DNase I hypersensitive sites, and distal enhancer elements has been reported for several cytokine genes, including IL-4, IL-13, and GM-CSF (6, 28, 49, 50) , revealing a common theme in regulation of cytokine genes. Once the general conserved regions have been identified, further fine sequence comparisons can then be utilized to identify conserved binding sites for relevant transcription factors, especially if the sequences of multiple mammalian species are compared (Cartwheel program, cartwheel.caltech.edu/).
A few caveats apply. If a gene is highly conserved between human and mouse, it may be difficult to identify regulatory regions of especially high sequence conservation; in this case it would be informative to repeat the sequence comparisons between organisms chosen to be evolutionarily farther apart (4) . If transcriptional regulation of a given gene differs significantly between species, the regulatory regions are not expected to be conserved to an extent that they can be identified by bioinformatic analysis, although they are still likely to be identified by DNase hypersensitivity mapping as HS sites that are observed in one species but not another. Finally, the presence of a conserved region that is not DNase I hypersensitive does not imply that the region has no regulatory function; rather, it suggests that the region is not utilized in that cell type under the specific conditions of cell culture or cell stimulation and that other cell types, developmental stages, or stimulation conditions should be tested.
The IFN-␥ 5Ј CNS we have identified is likely to be an important regulatory element in Th1 (CD4) cells. The region (Ͼ400 bp) is located 5Ј of the transcription start site in both the human and mouse IFN-␥ genes and shows ϳ78% sequence identity between these two mammalian genomes, which are separated by 70 -80 million years of evolution. Interestingly, the same region was reported 16 years ago as an inducible HS site in Jurkat human T cells (51) , emphasizing the usefulness of DNase I hypersensitivity mapping for identifying putative regulatory elements. The region contains a number of conserved, clustered binding sites for the Th1-restricted transcription factor T-bet as well as for the inducible transcription factor NFAT, both of which are known to be required for IFN-␥ expression by Th1 cells. Chromatin immunoprecipitation assays showed that the region was occupied by these transcription factors in resting and stimulated cells, respectively, whereas transient reporter assays showed that the CNS possessed functional enhancer activity. In addition to the IFN-␥ 5Ј CNS, there is an element that contains closely spaced NFAT and T-bet binding sites in the promoter 2 as well as at least two T-bet sites in the intronic regions of the IFN-␥ gene (15) . Thus it is likely that upon acute stimulation in Th1 cells, the 5Ј CNS cooperates with the IFN-␥ promoter and other potential ciselements to enhance IFN-␥ gene transcription.
We identified a conserved 40-bp element, present in both the human and mouse IFN-␥ 5Ј CNS, that possessed a striking juxtaposition of binding sites for NFAT, AP-1, and T-bet. Notably, this short element sufficed for strong cooperation between these three transcription factors in the context of a heterologous promoter. All three factors are essential for optimal cooperation: the requirement for NFAT and AP-1 is demonstrated by the requirement for combined stimulation with PMA and ionomycin, whereas the requirement for T-bet was demonstrated by showing that mutation of the T-bet binding site in the context of this short element abolished reporter activity. However, gel shift assays did not show direct T-bet binding to the half-site present in this element, even in nuclear extracts that also contained NFAT and AP-1 and even though strong T-bet binding was observed when an oligonucleotide containing a full palindromic T-box site was used in the analysis. 2 Possibly, specific modification(s) of the transcription factors that are lost upon preparation of the nuclear extracts, are needed to stabilize the DNA-bound complex of these three transcription factors; alternatively, a coactivator protein that bridges and stabilizes the complex may be limiting in the in vitro assay.
Gene expression studies utilizing transgenic mice have shown that distal regulatory regions are important for highlevel, cell type-specific gene expression. Regulation of an 8.6-kb human IFN-␥ transgene (lacking the 5Ј CNS) paralleled that of the endogenous mouse IFN-␥ gene; expression was largely restricted to the T-cell compartment and could be induced upon mitogen stimulation of thymus and spleen (52) . However, this 8.6-kb transgene was not sufficient to give high, Th1-selective expression of human IFN-␥ (53). In contrast, when a 191-kb human transgene (the 8.6-kb region plus an additional ϳ90 kb of flanking 5Ј and 3Ј sequence) was tested, IFN-␥ was transcribed at much higher levels and was selectively expressed in Th1 cells and CD8ϩ Tc1 cells (53) , implying that one or more distal elements, most likely including the 5Ј CNS, are necessary for correctly regulated expression. We have demonstrated binding of both T-bet and NFAT1 to the 5Ј CNS in Th1 cells. Interestingly, mice deficient in T-bet exhibit a drastic reduction in IFN-␥ expression by CD4 T cells and NK cells, whereas CD8 T cells seem largely unaffected (22) . In contrast, NFAT is required for IFN-␥ expression by both CD4 and CD8 T cells (21) . It will be interesting to determine, therefore, whether targeted deletion of the 5Ј CNS in the mouse IFN-␥ locus results in decreased expression in all IFN-␥-producing cell types or only in a subset of lineages.
